Surface plasmon resonance imaging (SPRi) by enabling label-free, real time assessment of biomolecular interactions in multiplexed manner is one of the methods of choice for high throughput characterization of large pools of DNA aptamer candidates following in vitro selection. Moreover, with major advances in in situ amplification methods SPRi became also a viable detection platform for aptamer microarrays. In case of aptamer microarrays, commonly prepared by microspotting, the direct assessment of the surface density of aptamer probes, which is essential for both kinetic and sensing measurements is not possible. Therefore, here we introduce a methodology for simple, one-step determination of surface densities of thiol labelled aptamer monolayers microspotted on gold SPRi chips. Based on this methodology we investigated in detail the effect of the surface density of aptamers on target binding through two aptamer-target systems, i. e. human immunoglobulin E (hIgE) and six histidine tag 6xHis-tag. We found that the surface density of the aptamers is indeed critical and shows a sharp maximum in terms of target binding efficiency, which is largely determined by the size of the target. The optimal aptamer surface densities determined, the immobilization chemistry (shared by many detection platforms, e. g., electrochemical, surface acoustic) and the trends identified may be used for rapid rational optimization of aptamer-target assays.
Introduction
Nucleic acid aptamers are one of the promising synthetic alternatives of antibodies for affinity assays. Aptamers are generally selected using an iterative in vitro process, i. e. Systematic Evolution of Ligands by Exponential Amplification (SELEX), from a library of nucleic acids with ca. 10 13 -10 15 random sequences based on their preferential binding to a target molecule and concomitant amplification of the target-binding strands [1] [2] . Following their sequencing the aptamers can be prepared at will by routine nucleic acid synthesis [3] . Counter-selection steps may be additionally used to discard sequences from the nucleic acid library that bind to critical components of the sample in an attempt to limit the selection to those aptamers that do not show cross-reactivity to these components. This selection process is likely to result in a large number of different nucleic acid sequences and the abundance of certain sequences does not necessarily correlate with their affinity for the target [4] . This calls for high throughput methods to fully characterize all sequences in terms of their binding kinetics. Surface plasmon resonance imaging (SPRi) is one of the state of the art methods that provides real time, label-free determination of binding kinetics in a high-throughput manner. While SPRi may be already used during the selection phase [5] [6] the post synthetic use of high purity aptamers for the assessment of target binding kinetics is more common [7] [8] [9] because the sequence fidelity of aptamers is even more critical than when nucleic acids are used for hybridization assays [10] . Moreover, SPRi could be used successfully also to investigate in real-time the intricacy of aptamer sandwich complex formation [7, 11] . However, for a correct measurement of binding kinetics in heterogeneous setups, i. e. with one of the reaction partners immobilized on a solid support (generally the aptamer) while the other is in solution phase, there are a number of critical experimental factors to be considered, e. g., the proximity [12] and type of solid support [10] , immobilization chemistry, type and length of molecular spacers [13] [14] [15] , and the strand terminus through which the aptamer is immobilized [16] . While the use of appropriate spacers that lift up the binding site of aptamers from the surface in order to enable proper conformation/folding was shown to address satisfactorily most of these issues, the surface density of aptamers [17] is expected to have a large influence on target binding as reported even for small molecular weight targets [17] [18] . Finding the optimal conditions is a largely empiric process that again highlights the potential usefulness of SPRi in terms of rapid optimization of all immobilization conditions on a single chip. However, it is important to emphasize that the SPRi due to advances in in situ signal amplification methodologies became by itself a competitive analytical platform for aptamer microarrays. Some of these amplifications offer sensitivities and limit of detections for the multiplexed SPRi [19] [20] that rivals fluorescence detection based microarrays, but generally at smaller throughputs [21] . Finally, since the gold surface used dominantly for SPR imaging chips is shared by a series of other transducers, e. g., electrochemical, surface acoustic waves, etc. the optimization of the direct immobilization of aptamers on gold is expected to be of broad impact. Therefore, we were interested to use SPR imaging for rapid, single chip optimization of the direct aptamer immobilization on gold by taking advantage of the self-assembly of terminal thiol labelled aptamers. However, the prerequisite of such studies is to reliable assess the surface density of the immobilized nucleic acid strands on the SPRi chip for all the different spots. Since probably the most convenient methods for the preparation of nucleic acid microarrays with SPRi detection involves an off line methodology, e. g. various forms of microspotting, the surface concentration of aptamers in the different spots is unfortunately not assessable directly (during immobilization) by SPR measurements. Therefore, we developed recently a simple method [22] based on detecting a small molecular weight marker cation, [Ru(NH 3 ) 6 ] 3 + (RuHex), that was shown earlier by chronocoulometry [23] to bind by electrostatic interaction to the surface confined nucleic acid strands and in appropriate conditions to exactly compensate their negative charge. Establishing such conditions enables based on the stoichiometry of RuHex-DNA binding to assess the surface concentration of surface confined nucleic acid strands, which unlike the chronocoulometric method, can be performed simultaneously on all spots [22] without the need of individual electrical addressing, and use of short spacers. The highly reliable microspotting modification of the SPRi chips [24] and the assessment of the surface concentration of DNA probes helped already to understand the appropriate conditions for highly efficient and selective hybridization assays [22] . However, as it was shown earlier in a comparative study using fluorescence detection for streptavidin binding aptamer microarrays, the optimal aptamer immobilization conditions are generally very different from those required for hybridization assays [10] . Additionally, it is common in studies involving the investigation of aptamer monolayer packing on target binding to use surface concentrations on a relative scale [10] , which makes difficult to extrap-olate the results for other solid supports and immobilization chemistries.
In this study the multiplexing capability of SPRi and the previously introduced nucleic acid probe surface density assessment method were used to investigate the effect of aptamer surface density on binding large molecular weight proteins (IgE) [25] and smaller molecular weight peptides (6xHis-tag) [26.] 
Experimental

Chemicals and Materials
IgE aptamer (5'-GGG GCA CGT TTA TCC GTC CCT CCT AGT GGC GTG CCC C-TTTT-C3-SH-3') [25] was purchased from Sigma-Aldrich with TTTT spacer and npropyl-SH modification on the 3' terminus of the DNA strands. 6xHis-tag aptamer (5'-SH-TEG-GGC TTC AGG TTG GTC TGG TTG GGT TTG GCT CCT GTG TAC G-3') [26] was purchased from IBA Lifescience with tetra (ethylene glycol)-SH modification on the 5' terminus of the DNA strands. Native human IgE full length protein (azide-free) was ordered from Abcam (ab65866). 6xHis-Hp-α-1 was synthesised by Dr. Tamás Mészáros (Semmelweis University). For determining IgE selectivity against various IgGs, IgG from human serum (Sigma-Aldrich), and various other IgGs from HyTest (Monoclonal mouse anti-cardiac troponin I (M155cc, 560cc, 267), Monoclonal mouse anti-human C-reactive protein (C2, C6), Monoclonal anti-human N-terminal proBNP (29D12, 15C4) and Monoclonal mouse anti-human IgE (5D4cc) were used. RNAse and DNAse-free water for molecular biology (DEPC-treated and sterile filtered (Sigma-Aldrich) and DNA LoBind centrifuge tubes (Eppendorf) were used to prepare the DNA aptamer stock solutions in a UVcabinet for PCR operations. Hexaammineruthenium(III) chloride and (11-mercaptoundecyl)tetra(ethylene glycol) were from Sigma-Aldrich. All other reagents such as inorganic salts and buffer components were of the highest bioanalytical grade and purchased from Sigma-Aldrich. All aqueous solutions were prepared with ultrapure deionized water (18.2 MΩ cm resistivity, Millipore).
Microspotting of Aptamers on SPRi Chips
Bare gold SPR biochips (HORIBA FRANCE SAS, Palaiseau, France) were cleaned immediately before microspotting in UV generated ozone atmosphere (Novascan Technologies, Ames, IA, USA) for 30 minutes. The immobilization of DNA aptamers was made by microspotting using a BioOdyssey™ Calligrapher™ miniarrayer (Bio-Rad, Hercules, CA, USA) with a 500 μm diameter SMP15 Stealth Micro Spotting Pin (Arrayit Corporation, San José, USA) having 0.25 μL uptake volume. The thiolated DNA aptamers were diluted in PBS at different concentrations and aliquots of 20 μL were placed in wells and spotted onto the gold surfaces from a DNA LoBind, PCR clean, 384 well LD-PE plate (Eppendorf). Three parallel spots were made for each concentration level at 65 rh% with the spotting stage thermostated at 12°C. The spotted SPR biochips were incubated at 20 � 1°C and 65 rh% in the humidity chamber for 4 h. Under these conditions the evaporation of the water from the spotted microdroplets was avoided. The unmodified gold surface of the aptamer chips were blocked with 0.5 mM (11-mercaptoundecyl)tetra(ethylene glycol) (HS-TEG) in phosphate buffer saline (PBS) for 60 min, followed by washing with DI water and gently drying under N 2 stream.
SPRi Measurements
For surface plasmon resonance imaging (SPRi) measurements a HORIBA XelPleX SPRi system (HORIBA FRANCE SAS, Palaiseau, France) was used at fixed optimal angles. First the working angles (typically 4 or 5 angles) were selected based on the recorded SPR curves to measure the interactions of the aptamer with different target molecules. To normalize the refractive response over the whole biochip 3 mg mL À 1 sucrose solution was used. The binding of the marker, target and interfering molecules (RuHex, 6xHis-Hp-α-1, IgE full length protein, IgG antibodies from different species) to the aptamer probes was monitored at 25.0°C, at a flow rate of 50 μL min À 1 injected from the wells of 96 deep well Protein LoBind LD-PE plates (PCR clean, Eppendorf). For the determination of the surface density of microspotted aptamers 50 μM RuHex in TRIS buffer (10 mM TRIS, 50 mM NaCl, pH adjusted to 7.4 with 1 M HCl) was injected. The interactions of 6xHis aptamer with 6xHis-Hp-α-1 was measured in PBS working buffer. The aptamer-IgE interactions were measured in PBS working buffer with magnesium ion content (10 mM phosphate, 137 mM NaCl, 2.7 mM KCl and 1 mM MgCl 2 ). The injected volume for each target was 200 μL, followed by 200 μL of 100 mM NaOH solution for the regeneration of the aptamer spots. The typical durations for recording the baseline, association and dissociation were 1, 4, and 5 minutes, respectively. The binding kinetics were determined with Scrubber 2 GenOptics software (BioLogic Software, Campbell, Australia).
Results and Discussion
Surface Density of Microspotted Aptamers on Gold SPRi Chips
To establish different surface density aptamer spots the gold chip was microspotted with different concentration aptamer solutions (3 spots for each concentration). To establish a wide range of surface densities the spotting concentrations were varied within more than two orders of magnitude range, i. e., from 0.156 to 40 μM. The spotting was followed by blocking the surface with HS-TEG to minimize non-specific adsorption. The chips were inserted in the SPRi instrument and the surface density of aptamer probes was determined for all the different aptamer spots (see layout on Figure 1B ) from a single injection of 50 μM of RuHex solution. Interestingly, we found earlier full reversibility of the RuHex binding for the short, 18-mer, DNA hybridization probes, i. e. the baseline was recovered after switching back from the RuHex solution to the working buffer [22] . However, in case of the ca. two times longer aptamer sequences (41mer IgE (with the 4T spacers) and 40-mer 6xHis) the bound RuHex could not be removed quantitatively, but a short injection of 100 mM NaOH was necessary to fully recover the baseline ( Figure 1A) . The surface density of aptamers (G aptamer , molecules cm 2 ) was calculated based on Eq. 1 from the change of reflectivity (%) corresponding to RuHex binding at saturation R maxRuHex .
For calculations we used 1.75 × 10 À 4 mm for the penetration depth of the evanescent wave, L ZC, (for 810 nm laser used in XelPleX), 1.775 � 0.014 × 10 À 6 mm 3 pg À 1 for the reflectivity change as a function of the RuHex mass concentration DR Dc mRuHex � � as determined from the slope of the linear calibration ( Figure S1 ); 203.25 g mol À 1 for the molecular weight of the triply charged RuHex ion MW RuHex ð Þ: N is the number of nucleotides in the DNA aptamer probe (40 and 41 for the two aptamers) and N Av is the Avogadro number. The surface density of the aptamer bound protein (or peptide) targets (G protein , protein cm 2 ) was determined directly using Eq. 2.
where ΔR% protein is the change of reflectivity (%) corresponding to protein binding, DR Dc mprotein is the reflectivity change as a function of the protein mass concentration (1.707 � 0.011 × 10 À 6 mm 3 pg À 1 , (Figure S1) ); MW protein is the molecular weight of the injected target (IgE protein: 190 kDa; 6xHis-Hp-α-1: 10 kDa). Figure 1C summarizes the aptamer surface densities established for the different spotting concentrations for both aptamers. Even though there is a single nucleotide difference in the number of nucleotides the two dependencies are significantly different, i. e., while the IgE aptamer reaches maximum surface density at a spotting concentration of ca. 15 μM, the surface density of 6xHis aptamer increases slightly even at spotting concentrations higher than 15 μM. Overall, this results in ca. 20 % higher surface density (6.73 × 10 12 molecules cm À 2 ), as compared with the surface density at saturation for the IgE aptamer (5.56 × 10 12 molecules cm À 2 ). We found outstanding stability for the aptamer monolayers over the whole range of surface densities on the timescale of SPRi measurements (Figure 1D ) and also the reproducibility of the surface density assessment was remarkable good. Therefore, the discrepancy is most likely due to the different aptamer probe design (i. e. immobilization through the 5'-end of the 6xHis-tag aptamer vs. 3'-end of the IgE aptamer, and use of different spacers: TTTTÀ C3-SH for the IgE aptamer vs. SHÀ TEG of the 6xHis-tag aptamer) that was reported previously to lead to rather unpredictable differences in their behaviour [16, 27] .
The Effect of the Aptamer Surface Density on the Target Binding
For the SPR community it is well known that for unbiased measurements of the intrinsic kinetics of affinity interactions the surface density of the ligand should be sufficiently small to avoid intermolecular interactions (e. g., steric, electrostatic) between the surface bound target molecules as this may affect the measured association (k a ) and dissociation rate (k d ) constants and consequently the resulting equilibrium dissociation constant (K D ). Thus at first sight it may seem superfluous to look into detail in the effect of the aptamer surface concentration on the target binding characteristics instead of just using a very small ligand surface concentration. However, it is difficult in general to control the surface densities of aptamers that due to their small size can lead to very high surface densities, especially during immobilization by thiol chemistry. Certainly, the size and other properties of the target are also expected to influence the optimal aptamer surface densities. Thus working at excessively low surface densities, which would ensure unhindered binding, may affect the accuracy of the measurements due to low signal levels. Therefore, conditions ideal to minimize intermolecular effects between target molecules are not necessarily optimal for chemical sensing purposes. In case of IgE we found that the amount of target bound goes through a maximum as function of the aptamer surface density (Figure 2 ). In the low surface density range this is the expected behaviour as with no molecular crowding effect the target binding should increase with the aptamer surface density until the limit of steric hindrance is reached in the bound target layer. After the relative broad maximum the bound IgE amount decreases as the aptamer surface density is further increased. This decrease as opposed to a saturation type behaviour is most likely due to sterical hindrances in the aptamer layer, i. e. the aptamer layer becomes too crowded for the optimal binding conformation.
The optimal surface density for IgE aptamers was ca. 1.6 × 10 12 molecules cm À 2 , which corresponds to microspotting a solution of 1.25 μM IgE aptamer. This surface density is considerably smaller than the ca. 6 × 10 12 molecules cm À 2 that we determined previously for hybridization assays with an 18-mer DNA probe [22] . It is also considerably smaller than reported for thrombin aptamers immobilized through streptavidin/biotin interaction where the highest bound target/immobilized aptamer ratio was found for an aptamer surface density of ca. 2.4 × 10 12 molecules cm À 2 (of note, smaller surface concentrations were not studied) [28] . The smaller optimal surface density is most likely due to the larger size of the IgE (190 kDa), as compared with α-thrombin (37 kDa) [28] , i. e., the optimal surface density is expected to be smaller for the larger size target (in case the target size is the determining factor of the steric hindrance).
When determining the K D at this optimal surface density we found a value of 0.32 nM ( Figure 3A) , which is considerably better than the 9 nM originally reported by Wiegand et al. for the using nitrocellulose filter binding assay. As shown in Figure 3B the K D determinations were found accurate for aptamer surface densities within 0.3-2.5 × 10 12 aptamer cm À 2 with a sufficiently broad minimum for robust determinations. Of note, in this rather broad range the 0.625 × 10 12 aptamer cm À 2 surface density led to the smallest K D value (0.21 nM). Outside of this region, however, the low amount of IgE bound made the kinetic determinations very uncertain. This supports the validity of the present approach, i. e., to find the optimal surface density by taking advantage of the multiplexing capabilities of SPRi as opposed of using excessively small probe densities.
The K D values determined by plasmonic sensors varies in the literature in a very wide range, i. e., from subnanomolar concentrations [29] to 270 nM [9] , with most publications reporting values in the lower nM range [20, 30] . Understanding the discrepancies between the reported values is rendered difficult by the fact that across these studies several of the essential experimental parameters influencing the K D were different, e. g. the immobilization chemistry, the terminus of the aptamer attached to the surface, the spacers and other modifications of the aptamer strand as well as the composition of the working Fig. 2 . The effect of the surface density of IgE aptamers on the binding of IgE shown for the IgE concentration range of 0.2 to 5 μg/mL (as secondary X axis the concentration of the IgE spotting concentrations that led to the surface densities on the primary X axis are also shown). The inset shows the IgE binding curves at the optimal surface density of the immobilized aptamer (1.6 × 10 12 molecules cm À 2 ) recorded for PBS buffer with 1 mM MgCl 2 and without Mg 2 + . buffer. However, apparently the dissociation constants are improved if the aptamer is immobilized through its 3' end and the Mg 2 + content of the working buffer is properly adjusted. In fact, the very large K d values were determined in the absence of Mg 2 + , perhaps because the original study was not stressing sufficiently the importance of the Mg 2 + content, which most likely stabilizes the binding conformation of the aptamer. We could confirm in this study (see Figure 2 inset) that the IgE binding is very much suppressed by the absence of Mg 2 + and a signal is practically detectable only from IgE concentrations larger than ca. 25 nM.
If we compare the binding of IgE with that of RuHex on the different surface density aptamer spots ( Figure 4A ) it shows clearly that the IgE practically binds solely in the region preceding the saturation of the surface with RuHex. By calculating the amount of IgE bound from the signal change and plotting it as a function of the surface density of aptamers (calculated from the RuHex response) ( Figure 4B ) reveals that the surface concentration of IgE is less than 2.5 × 10 11 molecules cm À 2 . This is ca. 20 times lower than the maximum aptamer surface density (5.5 × 10 12 molecules cm À 2 ). In fact optimum binding is reached for an aptamer/IgE ratio at the surface of the chip of ca. 7 and even at the lowest aptamer surface densities for which reasonable signals were detected this ratio decreases down to only~3.
To study the selectivity of the IgE aptamer at optimal surface density the cross reactivity over a wide range of human and mouse IgGs were tested. There was practically no response to any of the IgGs tested ( Figure 5 ) that confirms the excellent selectivity of the IgE aptamers. Of note, the selectivity was not influenced by the surface density, i. e. the signal for the interfering compunds was constantly indistinguishable from the background and only the signal due to the IgE binding was influenced. Interestingly, the aptamers were selective also in the Mg 2 + -free buffer but the IgE binding was suppressed with more than an order of magnitude compared to the buffer containing 1 mM Mg 2 + . This means that the reported larger K D values in such conditions are also valid in terms of being due to a specific aptamer-target interaction just that the measurement conditions were far from optimal.
Effect of the Target Size
The IgE measurements showed a maximum for the target binding as function of the aptamer surface density, i. e. the amount of IgE bound increased with the aptamer surface density until the steric hindrance was reached for the target layer and then decreased most likely due to the steric hindrances in underlying aptamer layer that impedes the formation of the binding conformation. To extrapolate these results for other aptamer-target interactions one important criteria to consider is the target size. Based on the obtained results we expected that in case of smaller size targets the optimal surface density shifts to higher values. To test this hypothesis, we used as a model a 10 kDa 6xHis-Hp-α-1 protein fragment, significantly smaller than the 190 kDa IgE. As shown in Figure 6 the surface density of 6xHis aptamer corresponding to the maximal target binding increased to around 3-4 × 10 12 aptamer cm À 2 which is ca. 3 times larger than the optimal surface density for IgE binding. Moreover, the surface concentration of 6xHis-Hp-α-1 protein fragment is more than triple of the IgE concentration on the surface, which is in qualitative agreement with the size of the respective proteins.
Conclusions
We have shown that RuHex combined with SPRi detection can be used to determine the surface density of aptamer strands with clear benefits in terms of multiplexed surface density assessment. Detailed optimization of the aptamer surface density revealed the optimal conditions for determination of the heterogeneous kinetics of the aptamer-IgE interactions unbiased by molecular crowding either in the bound target or aptamer layers. In case of both aptamers, IgE and 6 × His, the amount of target bound had a pronounced maximum as a function of the aptamer surface density, which clearly justifies the need for optimization. The surface densities leading to optimal target binding were found to be dependent on the size of the target and were within ca. 1-4 × 10 12 aptamers cm À 2 . For IgE we found that the selectivity vs. other IgG molecules is affected only by the decreased specific interactions outside of the optimal surface density range, while the binding of all the different IgG remains undistinguishable from the background.
Given the use of the particular aptamer immobilization chemistry that we studied across detection platforms we believe that the results can be broadly exploited towards a better rational design of aptamer sensing layers for protein assays.
